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Pancreatic stellate cells 



Pancreatic fibrosis, a key feature of chronic pancreatitis and pancreatic cancer, is mediated by activated 
pancreatic stellate cells (PSC). Connective tissue growth factor (CTGF) has been suggested to play a major role 
in fibrogenesis by enhancing PSC activation after binding to aSpl integrin. Here, we have focussed on 
molecular determinants of CIGF action. Inhibition of CTGF expression in PSC by siRNA was associated with 
decreased proliferation, while application of exogenous CTGF stimulated both cell growth and collagen 
synthesis. Real-time PCR studies revealed that CTGF target genes in PSC not only include mediators of matrix 
remodelling but also the proinflammatory cytokines interleukin (IL)-ip and lL-6. CTGF stimulated binding of 
NF-kB to the IL-6 promoter, and siRNA targeting the NF-kB subunit RelA interfered with CTGF-induced IL-6 
expression, implicating the NF-kB pathway in the mediation of the CTGF effect. In further studies, we have 
analyzed regulation of CTGF expression in PSC. Transforming growth factor-pi, activin A and tumor necrosis 
factor-cv enhanced expression of the CTGF gene, while interferon--y displayed the opposite effect. The region 
from -74 to -125 of the CTGF promoter was revealed to be critical for its activity in PSC as well as for the 
inhibitory effect of interferon-7. Taken together, our results indicate a tight control of CTGF expression in PSC 
at the transcriptional level. CTGF promotes fibrogenesis both directly by enhancing PSC proliferation and 
matrix protein synthesis, and indirectly through the release of proinflammatory cytokines that may 
accelerate the process of chronic inflammation. 

© 2008 Elsevier Inc. All rights reserved. 



1. Introduction 

The CCN family of secreted proteins comprises six structurally 
related members that specifically associate with the extracellular 
matrix (ECM). CCN proteins act as regulators of diverse cellular 
functions, including mitogenesis, apoptosis, ECM production, 
adhesion and migration, as well as complex biological processes 
such as angiogenesis, chondrogenesis and osteogenesis [1,2]. As a 
major principle of CCN protein action, modification of signal 
transduction pathways induced by other molecules (which vary 
depending on the particular biological system) has emerged. Recent 
studies have linked the CCN family member connective tissue 
growth factor (CTGF; also known as CCN2) to the induction of 
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fibrogenesis and, under pathological conditions, the development 
of fibroproliferative diseases |3]. At least in part, CTGF exerts its 
profibrotic effects in direct synergy with transforming growth 
factor-beta (TGF-p), e.g. by mediating downstream actions of this 
cytokine. Furthermore, TGF-p is a well-established inductor of CTGF 
gene expression [3]. 

In the pancreas, pancreatic stellate cells (PSC) have been 
identified both as a source of CTGF and a target of CTGF action 
[4,5]. PSC are the main ECM protein-synthesizing cells in the organ 
[6,7i. The cells have recently been shown to display a transcriptional 
phenotype that closely resembles the one of hepatic stellate cells, the 
principle effector cells in liver fibrosis [8]. Dysregulated production 
of ECM by activated PSC has been implicated in the progression of 
chronic pancreatitis and pancreatic cancer (PC); two diseases that 
are characterized by an extended organ fibrosis [9,10]. In detail, CTGF 
has been shown to enhance collagen synthesis and proliferation of 
PSC, and to promote both adhesion and migration of the cells [4]. 
CTGF effects on PSC are mediated, at least in part, by the cell surface 
integrin a5(31 and heparan sulfate proteoglycan receptors [4,5]. 
With respect to PC, it is important to note that CTGF has also been 
suggested to promote cancer growth directly by stimulating 
proliferation and migration of the tumor cells, while antibodies to 
CTGF exert antiproliferative, antiangiogenetic and antimetastatic 
effects [11,12]. 
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The purpose of this study was to gain further insights into the 
molecular determinants of CTGF action in PSC. Therefore, we took 
advantage of an established cell culture model that has been used in 
the past to characterize both extra- and intracellular mediators of PSC 
activation; a process characterized by cell proliferation and the 
exhibition of a myofibroblastic PSC phenotype with an enhanced 
capacity of ECM synthesis [6,7,13]. Thus, it has previously been shown 
that TGF-pl and platelet-derived growth factor (PDGF) are potent 
inductors of ECM synthesis and PSC proliferation, respectively [13-15]. 
In our studies, we have focussed on mediators and targets of CTGF 
signalling in PSC as well as on the regulation of CTGF expression. It was 
revealed that CTGF contributes to PSC proliferation through an 
autocrine loop. Intracellular mediators of the CTGF signal involve 
extracellular signal-regulated kinases (ERK) 1 and 2 as well as signal 
transducer and activator of transcription (STAT) 3. CTGF promoter 
activity in PSC essentially depends on the integrity of the region from 
-74 to -125 of the CTGF gene. Interestingly, CTGF target genes in PSC 
include the proinflammatory cytokines interleukin (lL)-ip and IL-6, 
suggesting a previously unrecognized direct role of CTGF in pancreatic 
inflammation. 

2. Materials and methods 

2.1. Material 

Iscove's modified Dulbecco's medium (IMDM) and supplements 
for cell culture were obtained from Biochrom (Berlin, Germany), 
Nycodenz from Nycomed (Oslo, Norway) and the Topo TA Cloning kit 
as well as TRlzol reagent from Invitrogen (Karlsruhe, Germany). 
Radiochemicals, the enhanced chemoluminescence (ECL) Plus kit and 
horscradish-pcroxidasc labelled antibodies were purchased from GE 
Healthcare (Freiburg, Germany), and all other antibodies from New 
England BioLabs (Frankfurt, Germany). Reverse transcription and 
Taqman™ reagents were delivered by Applied Biosystems (Foster City, 
CA, USA), the plasmids PGL3-Basic as well as pGL 4.70 by Promega 
(Madison, WI, USA), human CTGF by EMP Genetech (Ingolstadt, 
Germany) and recombinant cytokines (rat interferon [IFN]-^, activin A 
and PDGF, human IGF-IM ) by R&D Systems (Minneapolis, MN, USA). 
DNA oligonucleotides were synthesized by BioTeZ (Berlin, Germany). 
The 5-bromo-2'-deoxyuridine (BrdU) labelling and detection enzyme- 
linked immunosorbent assay kit, polynucleotide kinase and FuGene™ 
were from Roche Diagnostics (Mannheim, Germany), and col- 
lagenase as well as standard laboratory chemicals from Sigma-Aldrich 
(St. Louis, MO, USA). 

2.2. Cell culture 

Pancreatic stellate cells were isolated from male LEW.IW inbred 
rats by collagenase digestion of the pancreas followed by Nycodenz 
density gradient centrifugation as previously described i l3]. Isolated 
PSC were cultured in IMDM supplemented with 17% fetal calf serum, 
1% non-essential amino acids (dilution of a 100 X stock solution), 
100 U/ml penicillin and 100 (xg/ml streptomycin at 37 °C in a 5% COj 
humidified atmosphere. All experiments were performed with cells 
growing in primary culture, or, depending on the experimental 
settings, with cells of the first passage. If replating of the cells was 
required, PSCs were harvested by trypzination on day seven after 
isolation and recultured at equal seeding densities. 

2.3. Cell proliferation assay 

PSC were cultured in 96-well plates in serum-free culture medium 
containing supplements as indicated. After 24 h, BrdU labelling was 
initiated by adding labelling solution at a final concentration of 10 \M. 
Another 24 h later, labelling was stopped, and BrdU uptake was 
measured according to the manufacturer's instructions. 



2.4. Inhibition of gene expression using siRNA 

siRNAs were purchased from Qiagen (Hilden, Germany) and ap- 
plied at the indicated concentrations according to the manufacturer's 
instructions, using HiPerFect transfection reagent (Qiagen). The 
following siRNAs, targeting CTGF or p65RelA, were included into the 
investigations: Rn_CTGF_3_HP Rn_CrGF_6_HP Rn_RelA_l_HP and 
Rn_RelA_2_HR Efficiency of siRNA treatment was monitored by 
analyzing CTGF and p65 RelA mRNA levels as indicated. To study the 
effects of CTGF siRNA on PSC growth, cells pretreated with siRNA for 
66 h were labelled with BrdU for another 6 h before DNA synthesis 
was quantified by determination of BrdU incorporation. In all 
experiments, a non-silencing siRNA oligonucleotide was included as 
a negative control. 

2.5. Quantification of collagen synthesis 

Collagen synthesis was assessed through the quantification of 
[^H]-proline incorporation into acetic acid-soluble proteins as pre- 
viously described [15]. Treatment of PSC with CTGF was for 48 h. Raw 
data of [^H]-proline incorporation were normalized on the basis 
of absolute cell counts determined by trypan blue staining of 
PSC cultured in parallel under identical conditions, except that no 
[^H]-proline was added. 

2.6. Immunoblotting 

Protein extracts of stellate cells were prepared, adjusted to 
identical protein concentrations and subjected to immunoblotting as 
previously described [13], The blots were developed with ECL Plus and 
analyzed using a Kodak Image Station (440 CF; Kodak ID image 
analysis software, version 3.5). 

2.7. IL-6 EUSA 

Quantitative determinations of lL-6 protein levels were performed 
using a rat IL-6-specific ELISA (BioSource International, Camarillo, CA, 
USA). Therefore. PSC were pretreated by siRNA incubation, serum 
withdrawal and CTGF stimulation as indicated. Cell culture super- 
natants were collected and stored at -80 °C until use. The ELISA was 
performed according to the manufacturer's instructions. 

2.8. Quantitative reverse transcriptase-PCR using real-time TaqMan™ 
technology 

Total RNA from cells pretreated as indicated was isolated with 
TRlzol reagent according to the manufacturer's instructions. Next, RNA 
was reverse transcribed into cDNA by means of TaqMan™ Reverse 
Transcription Reagents and random hexamer priming. Target cDNA 
levels were analyzed by quantitative real-time PCR using TaqMan™ 
Universal PCR Master Mix and the following Assay-on-Demand™ rat 
gene-specific fiuorescently labelled TaqMan™ MGB probes in an 
ABl Prism 7000 sequence detection system (Applied Biosystems): 
Rn00573960_gl (CTGF), Rn00580432_ml (IL-lp), Rn 00561420_ml 
(IL-6). Rn01538167_ml (matrix metalloproteinase [MMP]-2), Rn0057 
9162_ml (MMP-9), Rn00572010_ml (TGF-pl), Rn00587558_ml 
(tissue inhibitor of matrix metalloproteinase [T1MP]-1), RnOOSO 
1649_gl (procollagen, type 1, alpha 1), Rn01502266_ml (RelA) and 
Rn01527838_gl (hypoxanthine-guanine phosphoribosyl transferase 
[HPRT]; house-keeping gene control). PCR conditions were as follows: 
95 °C for 10 min, 55 cycles of 15 s at 95 °C/1 min at 60 °C. PCR reactions 
were performed in triplicate. The relative expression of each mRNA 
compared with HPRT was calculated according to the equation 
ACt=Cttarget~CtHPRT. The relative amount of target mRNA in control 
cells and cells treated as indicated was expressed as 2"'^°', where 

AACt treatment=Cttreatment-ACt control- 
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2.9. Analysis of CTGF promoter activity 

A780bp fragmentofthe human CTGF promoter (GenBank Accession 
Number AF316368, positions -740 to +40 with the transcription 
initiation site as + 1 ) was amplified by PCR using genomic DNA isolated 
from mononuclear blood cells (see i'able 1 for primer sequences). The 
resulting PCR product was ligated into pCR 2.1-Topo using the Topo TA 
Cloning kit and verified by didesoxy sequencing. Subsequently, 
the fragment was subcloned into the plasmid PGL3-Basic upstream 
of the firefly luciferase reporter gene, generating the reporter vector 
PGL3-CrGFA780. In an analogous manner, a series of shorter CTGF 
promoter fragments was generated and cloned (Table !). 

CTGF promoter activity was analyzed in transient transfection assays, 
using the Dual-Luciferase reporter assay system (Promega). In this 
system, the activities of the experimental firefly luciferase and a 
constitutively expressed renilla luciferase (encoded by a co-transfected 
plasmid) are measured sequentially from a single sample to allow 
normalisation of transfection efficiencies. Therefore, subconfluent 
cultures of PSC growing in 96-well plates were transfected with 
200 ng of the indicated PGL3B-vector and 10 ng of the renilla luciferase 
vector pGL 4.70 per well, using FuGene™ HD Transjection Reagent 
according to the manufacturer's instructions. In some studies, trans- 
fected cells were treated with IFN-7 for 24 h as indicated. Luciferase 
activities in the attached cells were measured as suggested by the vendor, 
and ratios of firefly and renilla luciferase activities were determined. 

2.10. Electi-ophoretic mobility shift assays (EMSA) 

PSC growing in 6-well plates were incubated for 12 h in FCS-free 
culture medium, before they were stimulated with CTGF as indicated. 
Nuclear extracts were prepared as previously described [13,17]. For 
EMSA experiments, nuclear proteins of 1 x 10"' cells were incubated 
with double-stranded oligonucleotides which were end-labelled 
with [^-^■^P] ATP by polynucleotide kinase. The sequence of the 
nuclear factor (NF)-kB binding probe derived from the lL-6 promoter 
was 5'-ATGTGGG>17Tr7rCCATGAGC3' (consensus binding motif italic) 
[18]. Binding reaction and supershift analysis (initiated by adding 0.5 ng 
antibody) were performed as described [13,17], Protein-DNA complexes 
were analyzed by electrophoretic separation on a 6% non-denaturating 
polyacrylamide gel. Dried gels were exposed to X-ray film. 

2. U. Statistical analysis 

Results are expressed as means! standard error of the mean (SEM) 
for the indicated number of independent cultures per experimental 
protocol. Unless indicated otherwise, statistical significance was 
checked using Wilcoxon's rank sum test p<0.05 was considered to 
be statistically significant. 

3. Results 

3.1. Biological effects of CTGF in PSC and mediation of the CTGF signal 

Initial experiments indicated that exogenously applied CTGF 
stimulated PSC proliferation and collagen synthesis with a maximum 
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indicated concentrations for 24 h. Subsequently, cells were labelled with BrdU for 24 h, 
and proliferation assessed with the BrdU DNA-incorporation assay. One hundred 
percent BrdU incorporation corresponds to untreated PSC. Data from 6 separate cultures 



n values 



* P<0.05 



cultures. (B) PSC growing in 12-well plates in complete culture medium were 
stimulated with CTGF and TGF-|J1 at the indicated concentrations for 48 h. Collagen 
synthesis was analyzed through the quantification of [^H]-proline incorporation mto 
acetic acid-soluble proteins, and raw data were normalized for differences m cell 
growth rates as described under Materials and methods. One hundred percent [^H]- 
proline incorporation corresponds to untreated PSC. Data are expressed as mean 
(±SEM) of 6 independent experiments. * P<0.05 versus untreated control cultures. 



effect similar to the one of the strong mitogen PDGF and the best- 
established stimulator of ECM synthesis, TGF-pl (Fig. 1). Because PSC 
themselves express CTGF [19], we also studied how inhibition of CTGF 
synthesis affects PSC growth. Application of CTGF siRNA efficiently 
reduced CTGF mRNA levels in PSC, and simultaneously significantly 
diminished DNA synthesis of the cells (Fig. 2). To further characterize 
responsiveness of PSC to CTGF, activation of intracellular signal 
transduction pathways was analyzed. Two previously identified 
mediators of the CTGF signal, ERK 1/2 and STAT3 [20], were found 
to become phosphorylated in response to CTGF treatment (Fig. 3). 

32. CTGF target genes in PSC 

In our investigations of CTGF target genes, we initially focussed on 
mediators of matrix remodelling known to be expressed by PSC. As 
shown in Fig. 4A, CTGF rapidly and strongly up-regulated expression 
of MMP-9. Simultaneously, it induced smaller, but also significant 
increases of the mRNA levels of the MMP inhibitor TlMP-1 (B) as well 
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Fig. 2. CTGF siRNA inhibits PSC proliferation. Cultured PSC were transfected with CTGF 
siRNA (mixture of Rn_CTGF_3_HP and Rn_CrGF_6_HP; each at 5 nM) or a non-silendng 
control SiRNA (at 10 nM) as indicated. Columns 1 and 2: After 48 h of incubation, mRNA 
expression of CTGF and the housekeeping gene HPRT was analyzed by real-time PGR, and 
relative amounts of CTGF mRNA were calculated. One hundred percent CTGF expression 
corresponds to PSC transfected with control siRNA. Data of 5 independent experiments 
(with triplicate samples) were used to calculate mean values and SEM. * P<0.05 versus 
cultures transfected with non-silendng siRNA. Columns 3 and 4: Cell proliferation was 
assessed with the BrdU DNA-incorporation assay as described in the Materials and 
methods sectioa One hundred percent cell proliferation corresponds to PSC transfected 
with non-silencing siRNA. Data from 6 separate cultures were used to calculate mean 
values and SEM. * P<0.05 versus cultures transfected with control siRNA. 



as TGF-pi (C) after 8 h of incubation. In contrast, expression of lVIlVIP-2 
and type 1 collagen mRNA remained unchanged (data not shown). 

Previously, PSC have also been shown to be a source of pro- 
inflammatory cytoi<ines [21-23]. In studies aimed at elucidating 
regulation of IL-lp and IL-6 expression, we also asked for a possible 
role of CTGF. Strikingly, CTGF induced a rapid and massive increase of 
both IL-lp and IL-6 mRNA expression (Fig. .'5). To elucidate the 
molecular mechanisms underlying induction of IL-6 expression by 
CTGF, EMSA experiments were performed. Using an IL-6 promoter- 
derived oligonucleotide with a NF-kB binding motif [18], we observed 
CTGF-dependent protein binding (Fig. 6). The protein complex 
was sLipcrshiftcd with an antibody against the NF-kB subunit 
p65RelA. lo address the question if NF-kB activation plays a direct 
role in CIGF-induced lL-6 synthesis, PSC were treated with p65RelA 
siRNA. Downregulation of the p65RelA mRNA level was associated 
with a strong decrease of CTGF-dependent IL-6 expression (Fig. 7A). At 
the protein level, qualitatively identical effects were observed 
(Fig. 7B): CTGF stimulation induced an increase of IL-6 levels in PSC 
culture supernatants. When PSC were pretreated with p65RelA siRNA, 
the CTGF effect was significantly diminished. 

3.3. Regulation of CTGF expression 

In subsequent studies, we focussed on the transcriptional control 
of CTGF gene expression in PSC. In accordance with previous own 
studies using immortalized PSC lines [24], TGF-pi was found to 
enhance CTGF expression whereas IFN-7 displayed the opposite effect. 
With activin A and tumor necrosis factor (TNF)-a, two novel inductors 
of CTGF gene expression in PSC were identified (Fig. 8). 

To decipher regions of the CTGF promoter essential for its activity 
in PSC, luciferase reporter gene assays were performed. Using CTGF 
promoter variants of different length (Table 1), we found that the 
constructs A780, A595, A396 and A281 all displayed similar activities, 
whereas further deletions (A165 and A114 constructs) were accom- 
panied by a significant decrease of CTGF promoter activity (Fig. 9A). 
We have previously reported an inhibitory effect of IFN-7 on CTGF 
promoter activity [24j. Interestingly, the A114 construct also displayed 
a significantly reduced IFN-7 responsiveness compared to the A780 
fragment (Fig. 9B), whereas IFN-7 responsiveness of all other 
constructs did not significantly differ (data not shown). 



4. Discussion 

In recent years, it has been acknowledged that fibrosis not only 
accompanies pancreatic cancer but plays an active role in tumor 
progression. Thus, ECM proteins and cytokines/growth factors 
released by stroma cells have been shown to stimulate tumor growth 
and invasion, induce chemoresistance and suppress tumor cell 
apoptosis (reviewed in [25]). Furthermore, in chronic pancreatitis, a 
risk factor of PC, accumulation of ECM contributes to the development 
of an exocrine and endocrine insufficiency of the gland [26,27], The 
main source of ECM proteins in the diseased pancreas are activated 
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Fig. 3. CTGF induces phosphorylation of ERK 1 /2 and STATS. PSC growing in 12-well plates 
were starved fiom serum for 16 h before they were stimulated with CTGF (200 ng/ml) for 
the indicated periods of time. (A, C) ERK 1 /2 and STATS phosphorylation were analyzed by 
immunoblotting. (B, D) Reprobing of the blots with anti-ERK 1/2 and anti-STATS protein- 
spedfic antibodies revealed no systematic differences of the ERK 1 /2 and STATS amount 
among the samples. (E, F) Luminescence signal intensities of phospho-ERK 1/2, ERK 1/2 
protein. phospho-STATS and STATS protein were quantified using Kodak 1 D image analysis 
software. Subsequently, the ratios phospho-ERK/ERK protein and phospho-STATS/STATS 
protein were calculated. A ratio of one hundred percent corresponds to 
control cultures. Data of 6 independent experiments were used to calculate m 
and SEM. * P<0.05 versus control cultures. 
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Fig. 5. EfTects of CTGF on the mRNA expression of IL-1 and IL-6. PSC growing in 6-well 
plates were starved fromserum for 1 h before they were stimulated with CTGF (2 |jg/ml) 
for the indicated periods of time. The mRNA expression of IL-1|3, IL-6 and the 
housekeeping gene HPRT was analyzed by real-time ICR, and relative amounts of target 
mRNA were calculated. One hundred percent mRNA expression of each gene 
corresponds to untreated PSC. Data of 5 independent experiments (with triplicate 
samples) were used to calculate mean values and SEM. * P<0.05 versus control cultures. 

CTGF has been shown to exert its effects on PSC by targeting integrin 
aSpi and heparan sulfate proteoglycan receptors [4,51. whereas the 
downstream effectors of the CTGF signal in the cells have not been fully 
characterized yet. Our data indicate an activation of the ERK 1 /2 pathway 
and also of STATS by the protein, confirming similar observations in 
other cells [20]. The main novel findings of this study, with respect to 
CTGF action, refer to the identification of CTGF target genes in PSC, 

First, CTGF not only increased mRNA levels of the profibrogenic 
mediators TGF-(il and TIMP-l (which favours ECM accumulation by 
blocking MMP activity [28]), but at the same time also stimulated 
expression of the matrix-degrading collagenase MMP-9. These data 
suggest that the effect of CTGF involves both an enhanced synthesis 
and turnover of ECM in the pancreas. It has to be stated, however, that 
the effects of CTGF on TGF-^l, TlMP-1 and MMP-9 mRNA expression 



Fig. 4. Effects of CTGF on the mRNA expression of genes involved in matrix 
remodelling. PSC growing in 6-well plates were starved from serum for 1 h before 
they were stimulated with CTGF (2 ng/ml) as indicated. The mRNA expression of 
MMP-9 (A), TIMP-l (B), TGF-pi (C) and the housekeeping gene HPRT was analyzed by 
real-time PCR, and relative amounts of target mRNA were calculated. One hundred 
percent mRNA expression of each gene corresponds to untreated PSC. Data of 5 
independent experiments (with triplicate samples) were used to calculate mean 
values and SEM. * P<0.05 versus control cultures. 
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PSC [6,7], While activation of PSC itself is likely to be part of a normal 
wound healing reaction in response to pancreatic injury, perpetuation 
of PSC activation under persistent pathological conditions is thought 
to contribute to the development of fibrosis. In this process, autocnne 
loops of PSC-derived cytokines and growth factors play an essential 
role [25], Here, we have focussed on one important mediator of PSC 
activation, CTGF, and studied molecular principles of its action. 

In accordance with another recent study [4|, our initial experiments 
revealed a strong stimulatory effect of CTGF on collagen synthesis by 
PSC. We also observed a mitogenic action of the protein (if applied to the 
cells) and a diminished growth rate in response to a knock-down of its 
expression, implicating CTGF in the maintenance of PSC proliferation. 



500*** 



Fig. 6. CTGF activates binding of NF-kB to the IL-6 promoter. Serum-starved PSC growing 
in 6-well plates were incubated with CTGF (2 ug/ml) for the indicated periods of time. 
(A) Nuclear extracts were subjected to EMSA analysis using an IL-6 promoter-derived, 
pPJ-labelled oligonucleotide with a NF-kB binding motif. Supershift analysis was 
performed by incubating the binding reaction with a p65RelA-specific antibody. Shifted 
and supershifted complexes are pointed out by arrows. (B) Band intensities of NF-kB/ 
oligonucleotide complexes were further analyzed by scanning densitometry. A band 
intensity of one hundred percent corresponds to untreated PSCs. Data of at least 5 
independent experiments were used to calculate mean values and SEM. * P<0.05 
versus control cultures. 
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Fig. 7. RelA siRNA inhibits C rGh-induccd 11,-6 expression. Cultured PSC were transfected witli RelA siRNA (mixture of Rn_RelA_l_HP, and Rn_RelA_2_HP; each at 2.5 nlM) or a non- 
silencing control SiRNA (at 5 nM) as indicated. After 45 h of incubation, PCS was withdrawn from the cells for 1 h before they were stimulated with CTGF (2 |Jg/ml) for 2 h (A), or as 
indicated (B). (A) Expression of RelA, lL-6 and HPRT (housekeeping gene mRNA) was analyzed by real-time PCR, and relative expression levels were calculated. One hundred percent 
RelA or IL-6 expression corresponds to PSC transfected with control siRNA. Data of 5 independent experiments (with triplicate samples) were used to calculate mean values and SEM. 
* P<0.05 versus cultures transfected with non-silencing siRNA. (B) lL-6 protein levels in cell culture supematants were analyzed by ELISA. Mean values and SEM were calculated from 
6 independent samples. Statistical significance was checked using a t-tesL * P<0.05 versus control cultures (identical treatment with siRNA; no CTGF application). * P<0.05 versus 
cells cultured with non-silencing siRNA (identical time of CTGF stimulation). 



have not been confirmed at the protein level yet. Interestingly, 
induction of collagen expression was observed at the protein level but 
not at the level of mRNA (procollagen, type 1, alpha 1 ). 

Secondly, we observed a strong increase of IL-l(i and IL-6 gene 
expression in CTGF-treated PSC. Both cytokines are key mediators of 
pro-inflammatory reactions, implicating for the first time CTGF into 
the enhancement of local inflammatory reactions in the pancreas. 
Moreover, IL-lp and IL-6 have previously been shown to act on PSC 
through autocrine loops that are likely to play a role in the induction 
and maintenance of PSC activation [22,23j. In studies aimed at 
elucidating molecular mechanisms of CTGF-dependent IL-6 expres- 
sion, we focussed on the transcriptional control of the CTGF gene. We 
observed that CTGF induced binding of NF-kB to the IL-6 promoter, 
and that down-regulation of p65RclA protein levels significantly 
diminished IL-6 expression in response to CTrGF stimulation. Taken 
together, these data suggest an essential role of NF-kB in the 
mediation of the CTGF signal to the IL-6 promoter. 

In a previous study using an immortalized PSC line, we had 
observed a stimulatory effect of TGF-pl and an inhibitory action of 
IFN-7 on CTGF gene expression [21 ]. We now confirmed these data in 
freshly isolated cells and identified the TGF-(3 family member activin A 
and TNF-a as two additional inductors of CTGF expression in PSC. Both 
mediators have previously been suggested as stimulators of the PSC 
activation process [10,29,30]. Interestingly, the effect of TNF-a on 
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Fig. 8. Regulation of CTGF expression. PSC growing in 6-well plates were starved &om 
serum for 1 h before they were stimulated with TGF-^l (5 ng/ml; 8 h), IFN-7 (100 ng/ml, 
24 h). TNF-a (10 ng/ml, 8 h), and activin (Act) A (100 ng/ml, 8 h) as indicated. The conditions 
of stimulation (time and concentration) were established for each cytokine in preliminary 
experiments and optimized with respect to maximum efficiency (data not shown). The 
mRNA expression of CTGF and the housekeeping gene HPRT was analyzed by real-time PCR, 
and relative amounts of target mRNA were calculated. One hundred percent CTGF expression 
corresponds to untreated PSC Data of at least 5 independent experiments (with triplicate 
samples) were used to calculate mean values and SEM. * P<0.05 versus control cultures. 
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Fig. 9. Analysis of CTGF promoter activity. (A) Using FuGene™ HDTramfection Reagent, PSC growing in 96-well plates were transfected with pGL 4.70 as well as one of the following PGL3- 
derived CTGF promoter vectors: A780, A595, A396, A281, A165, A114and PGL3-Basic (PGL3B). 24 h la.teT.firefly and TeniUa ludferase activities were measured, and the ratio was determined 
for each sample. A ratio of one hundred percent corresponds to cells transfected with the A780 promoter construct Data from 6 separate cultures were used to calculate mean values and 
SEM. * P< 0.05 versus A780. (B) Cells transfected with A780 and AIM as described above were stimulated with IFN-7 ( 100 ng/ml) for 24 h as indicated. A firefly jrenilla ludferase activity ratio 
of one hundred percent corresponds to cells that were transfected with the indicated vector and cultured without IFN-7. * P<0.05 versus identically transfected cells grown without the 
cytokine. * P<0.05 versus cells transfected with A780 and incubated with IFN-7. 



CTGF gene expression in PSC differs from the one in some other types 
of cells including skin fibroblasts, where TGF-3-induced CTGF 
expression was repressed by the cytokine [31]. On the other hand, 



TGF-3 and TNF-ot synergistically increased CTGF synthesis in 
mesangial cells [32]. The molecular basis of this cell-type specific 
action of TNF-a remains to be elucidated. 
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Fig. 10. Model of CTGF action in PSC CTGF expression is induced by profibrogenic mediators such as TGF-01 and activin A, and inhibited by IFN-7 (not shown). Through an autocrine 
loop. CTGF stimulates PSC proliferation, thereby promoting fibrosis. CTGF target genes in PSC include IL-ip and IL-6. The latter gene is expressed in a NF-KB-dependent manner. Both 
cytokines exert pro-inflammatory effects and enhance PSC activation. For details, see text 
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So far, little is known about signal transduction pathways 
connecting IFN receptors to the CTGF promoter. Through the analysis 
of CTGF promoter variants, we now deciphered a relatively small 
region, ranging from -74 to -125, that is essential both for basal CTGF 
promoter activity in PSC and for its inhibition by IFN-7. In pilot 
experiments, binding of distinct protein complexes to this promoter 
sequence (lacking established IFN response motifs) could be observed 
(data not shown). Further studies on the molecular coupling between 
IFN-^ signalling and CTGF expression may contribute to a better 
understanding of the antifibrotic efficiency of interferons, which is of 
clinical importance. 

Summarized, the results of this study suggest that PSC are at 
multiple levels involved in pathophysiological processes associated 
with CTGF action. The cells are both source and target of the protein. In 
response to CTGF binding, autocrine and paracrine loops are activated, 
resulting in enhanced inflammation and fibrogenesis (Fig. 10). We 
propose that targeting the axis CTGF-PSC might be a promising 
approach in the treatment of pancreatic fibrosis. 
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